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)ORZ IRUPLQJ LV D QHDU QHW VKDSH SURFHVV IRU




WLPH DQG HOLPLQDWLQJ H[WUD PDQXIDFWXULQJ SURFHVVHV VXFK DV
PDFKLQLQJ 'XH WR WKH QDWXUH RI WKLV FRPSOLFDWHG FROG
GHIRUPDWLRQSURFHVVVLJQLILFDQWPDJQLWXGHRIUHVLGXDOVWUHVVLV
LQWURGXFHG LQWR WKH FRPSRQHQW 8QGHUVWDQGLQJ WKH PDJQLWXGH
DQGGLVWULEXWLRQRIUHVLGXDOVWUHVVLVHVVHQWLDOWRWDLORUWKHIORZ
IRUPLQJSURFHVVWRDFKLHYHSDUWVZLWKLQGLPHQVLRQDOWROHUDQFHV










DQG QHXWURQ GLIIUDFWLRQ WHFKQLTXHV 7KHVH PHDVXUHPHQWV ZHUH
FRQGXFWHGDWGLIIHUHQWOHYHOVRIUHGXFWLRQLQWKHWKLFNQHVVRIWKH
RULJLQDO SDUW LH DIWHU  DQG  E\ DSSO\LQJ LGHQWLFDO
IRUPLQJ SDUDPHWHUV IRU DOO VDPSOHV 7KH ;5' UHVXOWV VKRZ
VLJQLILFDQWFKDQJHLQKRRSDQGD[LDOUHVLGXDOVWUHVVOHYHOVZLWKD
UHGXFWLRQLQWKHZDOOWKLFNQHVV7KLVLVPRUHSURQRXQFHGIRUWKH
D[LDO FRPSRQHQW ZKHUH WKH DYHUDJH VWUHVV VZLWFKHV IURP
UHODWLYHO\ KLJK WHQVLOH a 03D LQ WKH RULJLQDO SDUW WR
VLJQLILFDQWFRPSUHVVLYHVWUHVVa03DLQWKHIRUPHGSDUW




WKLFNQHVV 7KH PHDVXUHG EXON VWUHVV FRPSRQHQWV WKURXJK WKH
WKLFNQHVVZHUHWXQHGWRWHQVLOHDIWHUUHGXFLQJWKHZDOOWKLFNQHVV
E\  7KH UHVXOWV RI ;5' DQG QHXWURQ GLIIUDFWLRQ VWUHVV
PHDVXUHPHQWVVXJJHVWWKDWWKHUHVLGXDOVWUHVVDORQJWKHOHQJWKRI
WKHVDPSOHVLHD[LDOGLUHFWLRQLVFRQVLVWHQWZLWK03DDQG
 03D DIWHU  DQG  UHGXFWLRQ E\ IRUPLQJ SURFHVV
UHVSHFWLYHO\ 
7KH UHVXOWV RI (63, EDVHG KROHGULOOLQJ VKRZ WHQVLOH
KRRSUHVLGXDOVWUHVV§03DDQGDQDEUXSWIOXFWXDWLRQLH
WHQVLRQFRPSUHVVLYHWHQVLRQLQWKHD[LDOUHVLGXDOVWUHVVQHDUWKH







7KH DXWRPRWLYH DHURVSDFH DQG SRZHU JHQHUDWLRQ
LQGXVWULHV DUH LQFUHDVLQJO\ LQWHQGLQJ WR UHGXFH PDQXIDFWXULQJ
FRVW E\ UHGXFLQJ PDWHULDO¶V ZDVWDJH DQG WKH WLPH VSHQW RQ
SURGXFWLRQ )ORZ IRUPLQJ LV D SURFHVV WKDW FDQ SRWHQWLDOO\
DGGUHVV WKHVH LQGXVWULDO FKDOOHQJHV 7KH SURFHVV KDV VHYHUDO
DGYDQWDJHV VXFK DV UHGXFLQJ PDWHULDO ZDVWDJH FKLSOHVV
H[WUHPHO\IDVWPDQXIDFWXULQJWLPHSURGXFHQHDUQHWVKDSHSDUWV
DQGQRQHHGIRUIXUWKHUPDFKLQLQJWRDFKLHYHWKHILQDOJHRPHWU\
,Q WKH IORZ IRUPLQJ SURFHVV D KROORZ WXEXODU SDUW QDPHO\
³SUHIRUP´LVPRXQWHGDQGFODPSHGRQDURWDWLQJPDQGUHOZKHUH
WKUHH UROOHUV DUUDQJHG FLUFXPIHUHQWLDOO\ DURXQG WKH PDQGUHO
IRUFLQJWKHSUHIRUPWRPRYHD[LDOO\DORQJWKHURWDWLQJPDQGUHO
DVVKRZQLQ(UURU5HIHUHQFHVRXUFHQRWIRXQG 
6HYHUDO SDUDPHWHUV DUH LQYROYHG LQ WKH IORZ IRUPLQJ
SURFHVVWRDFKLHYHDFRPSRQHQWZLWKLQGLPHQVLRQDOWROHUDQFHV




2QHRI WKH PRVW LPSRUWDQW IDFWRUV LQ IORZ IRUPLQJ LV
IHHGUDWLRWKDWLVGHVFULEHGDVWKHUDWLRRIWKHUROOHUIHHGUDWHWR
WKH VSLQGOH VSHHG >@±>@ 6HYHUDO VWXGLHV >@±>@ KDYH EHHQ
FRQGXFWHGRQIORZIRUPLQJRIGLIIHUHQWPDWHULDOVWRIRUPSDUWV
ZLWKRXW GHIHFWV DQG ZLWK KRPRJHQRXV PLFURVWUXFWXUHV ,W ZDV
FRQFOXGHGWKDWLQFUHDVLQJRUGHFUHDVLQJWKHIHHGUDWLRPD\UHVXOW
LQ WKH IRUPDWLRQ RI YDULRXV GHIHFWV VXFK DV QRQXQLIRUP
WKLFNQHVVUHGXFWLRQLQGLDPHWHUURXJKVXUIDFHWHDULQJFUDFNLQJ
(c) ASME.
ZLWK DQ LQFUHDVH LQ IHHG UDWLR H[FHVVLYH PDWHULDO IORZ LQ DQ
RXWZDUGGLUHFWLRQZLWKDGHFUHDVHLQIHHGUDWLR>@ 
:RQJHWDO >@VWXGLHG WKH LQIOXHQFHRIVSLQQLQJUDWLR
DQGUROOHUSDWKRQWKHGHYHORSPHQWRIGHIHFWVVXFKDVEXFNOLQJ
ZULQNOHV DQG FUDFNV 7KH VWXG\ FODLPV WKDW WKH GHIHFWV LQ WKH
FRPSRQHQWVFDQEHDYRLGHGE\FKRRVLQJDVXLWDEOHUROOHUSDWK
$OVRVSLQQLQJUDWLRZKLFKLVWKHUDWLRRIWKHSUHIRUPGLDPHWHU







WKDWRI WKHPDQGUHO LQWHUIDFH DV WKH UHGXFWLRQ LQ WKH WKLFNQHVV
SURJUHVVHV ZLWK IORZ IRUPLQJ 7KHVH GLIIHUHQWLDO JUDGLHQWV LQ
SODVWLFGHIRUPDWLRQWKURXJKWKHWKLFNQHVVPD\EHRQHRIWKHPDLQ
VRXUFHV RI WKH JHQHUDWLRQ RI UHVLGXDO VWUHVVHV >@ >@ >@






WKH LQIOXHQFHRIGLIIHUHQW SDUDPHWHUV VXFK DV WKH OHYHO RIZDOO
WKLFNQHVV UHGXFWLRQ IHHG UDWH DQG UROOHUJHRPHWU\RQ UHVLGXDO
VWUHVVHV ZDV H[SORUHG ,W ZDV FRQFOXGHG WKDW D IORZ IRUPLQJ












G 6WUDLQHGODWWLFHSDUDPHWHU ݀଴ 8QVWUDLQHGODWWLFHSDUDPHWHU 







VROLG F\OLQGHUV 7KLV JUDGH RI VWHHO LV NQRZQ WR SURYLGH KLJK
VWUHQJWK JRRG FRUURVLRQ UHVLVWDQFH DQG JRRG WRXJKQHVV 7KH
QRPLQDOFKHPLFDOFRPSRVLWLRQRIWKHPDWHULDOLVJLYHQLQ7DEOH
 7KH PDWHULDO ZDV VXSSOLHG E\ 1HR1LFNHO OWG 8. LQ D
VROXWLRQDQQHDOHGFRQGLWLRQLHPLQVDWԨIROORZHGE\
DLUFRROLQJWRURRPWHPSHUDWXUH7RLQFUHDVHWKHIRUPDELOLW\RI










6LQFH WKH IORZ IRUPLQJSDUDPHWHUV KDYH D VLJQLILFDQW
LQIOXHQFHRQUHVLGXDOVWUHVVGLVWULEXWLRQLGHQWLFDOSDUDPHWHUVDUH
DSSOLHG IRU PDQXIDFWXULQJ RI ERWK SDUWV IRU WKH VDNH RI





7KH ;5' UHVLGXDO VWUHVV PHDVXUHPHQWV ZHUH FDUULHG
RXWXVLQJD35272/;5'GLIIUDFWRPHWHUDQGWKHVLQȥPHWKRG
>@$QDFFHOHUDWLRQYROWDJHRIN9DQGP$FXUUHQWZHUH
DSSOLHG WR JHQHUDWH WKH ;5' XVLQJ D &Uܭఈ  WXEH ZLWK DZDYHOHQJWKRIȜ QP7KHVWUHVVHVZHUHFDOFXODWHGIURP
WKHVWUDLQVRIWKH^`%UDJJ¶VUHIOHFWLRQDW ?ș%UDJJ
DQJOHDVVXPLQJWKHHODVWLF<RXQJ¶VPRGXOXVRI( *3DDQG
3RLVVRQ¶V UDWLR RI Ȟ  )RU HDFK VDPSOH WKH PHDVXUHPHQWV
ZHUHSHUIRUPHGDORQJKRRSDQGSDUDOOHOWRWKHIRUPLQJGLUHFWLRQ
LHD[LDODWVHYHUDOSRLQWV)RUHDFKSRLQWLQERWKGLUHFWLRQV
PHDVXUHPHQWV ZLWK  V H[SRVXUH WLPH for each measurement 
were performed. A round collimator with 1 mm diameter and 





KRRS DQG D[LDO UHVLGXDO VWUHVV FRPSRQHQWV RQ WKH VDPSOH
VXEMHFWHG WRUHGXFWLRQ LQ WKLFNQHVVVDPSOH7KH(63,
EDVHG KROHGULOOLQJ PHWKRG RI UHVLGXDO VWUHVVHV PHDVXUHPHQW
SURYLGHV LQIRUPDWLRQ IURP QHDU VXUIDFH LH P WR PP
GHSWK WKDW LV EH\RQG WKH SHQHWUDWLRQ GHSWK RI WKH ;5' DQG
EHORZ WKH UHVROXWLRQ RI QHXWURQ GLIIUDFWLRQ ;5' DQG QHXWURQ
GLIIUDFWLRQPHWKRGVZHUHFDUULHGDWWKHVDPHORFDWLRQWRFRPSDUH





VRXUFH IRU LOOXPLQDWLRQ 7KH HQGPLOOV XVHG IRU WKHVH
PHDVXUHPHQWVZHUHPPFDUELGHFRDWHGGULOOV,PDJHVZHUH
UHFRUGHG GXULQJ HDFK VWHS RI LQFUHPHQWDO KROHGULOOLQJ DQG
VXEVHTXHQWO\ WKH VXUIDFH GLVSODFHPHQW FDXVHG E\ PDWHULDO
UHPRYDOUHVXOWHGGXULQJGULOOLQJZHUHPHDVXUHG7KHVWUDLQVZHUH
HYDOXDWHGEDVHGRQWKHPHDVXUHGVXUIDFHGLVSODFHPHQWDQGWKH
PHDVXUHG VWUDLQV ZHUH WKHQ XVHG IRU LQYHUVH FDOFXODWLRQ RI
UHVLGXDO VWUHVVHV XVLQJ LQWHJUDO PHWKRG DVVXPLQJ WKH<RXQJ¶V




WKH UHVLGXDO VWUHVV LQ ERWK SUHIRUPHG DQG IORZ IRUPHG
FRPSRQHQWV XVLQJ WKH (1*,1; GLIIUDFWRPHWHU DW WKH ,6,6
VSDOODWLRQ VRXUFH ORFDWHG QHDU 2[IRUG 8.7KH OD\RXW RI WKH
(1*,1; LQVWUXPHQW DW ,6,6 DUH JLYHQ LQ >@ $W ,6,6
DFFHOHUDWHGµEXQFKHV¶RIKLJKHQHUJ\SURWRQVIURPDV\QFKURWURQ
ULQJFROOLGHZLWKDKHDY\DWRPLFWDUJHWWRJHQHUDWHZKLWHEHDPV
RI QHXWURQV LQ VKDUS SXOVHV 7KH SRO\FKURPDWLF ZDYHOHQJWK
QHXWURQV SDVV WKURXJK D PRGHUDWRU WR DFKLHYH WKHUPDO
HTXLOLEULXP WKHQ JXLGHG WR WKH H[SHULPHQWDO LQVWUXPHQWV
WKURXJKDFRQVHFXWLYHVHWRIFXUYHGDQGUHFWDQJXODUJXLGHVVOLWV
RU MDZV VDPSOH FROOLPDWRUV DQG ILQDOO\ GHWHFWRUV 7KH VOLWV
GHILQHWKHQHXWURQEHDPFURVVVHFWLRQ7KHVDPSOHLVSODFHGZLWK
WKH VFDWWHULQJ YHFWRU 4YHFWRU ELVHFWLQJ WKH LQFLGHQW DQG
GLIIUDFWHGQHXWURQEHDPV 
7KH FRXQWLQJ WLPH LV WKH WLPH DOORZHG WR REWDLQ
VWDWLVWLFDOO\DKLJKTXDOLW\GLIIUDFWLRQSDWWHUQIURPH[SRVXUHRI
WKHPHDVXUHPHQWSRLQWWRWKHQHXWURQEHDP7KHPLQLPXPJLYHQ




*HQHUDOO\ PHDVXUHPHQWV RI VWUDLQ LQ WXEXODU VDPSOHV
UHTXLUHDWOHDVWVL[GLUHFWLRQVWRGHWHUPLQHWKHIXOOVWUHVVWHQVRU
+RZHYHULWZDVDVVXPHGWKDWWKHGLUHFWLRQVRISULQFLSDOVWUHVVHV




DYHUDJH RI HODVWLF VWUDLQ 7KH FKDQJH LQ WKH HODVWLF VWUDLQ LV
GHWHUPLQHGIURPWKHHTXDWLRQEHORZ 
 ߝ ൌ  ሺௗିௗబሻௗబ      
 
:KHUH݀LVWKHVWUDLQHGODWWLFHSDUDPHWHUDQG݀଴LVDQXQVWUDLQHG ODWWLFH SDUDPHWHU DVVXPHG WR EH LQGHSHQGHQW RI
GLUHFWLRQ6WUHVVIUHHVDPSOHZLWKGLPHQVLRQVRIPPîPPî
PPDOLJQHGZLWKD[LDOKRRSDQGUDGLDOGLUHFWLRQVUHVSHFWLYHO\
ZHUH PDQXIDFWXUHG IURP WKH SUHIRUP SDUW XVLQJ (OHFWULFDO
'LVFKDUJH 0DFKLQ ('0 7KH VWUHVVHV LQ WKUHH RUWKRJRQDO
GLUHFWLRQV ZHUH FDOFXODWHG IURP WKH PHDVXUHG VWUDLQV RI 
DQGFU\VWDOORJUDSKLFSODQHVDFFRUGLQJ
WRWKHHTXDWLRQVEHORZ 
 ߪ௫௫ ൌ  ாሺଵାజሻሺଵିଶజሻ ൣሺ ? െ ሻ߭ߝ௫௫ ൅ ߭൫ߝ௬௬ ൅ ߝ௭௭൯൧ ߪ௬௬ ൌ  ாሺଵାజሻሺଵିଶజሻ ൣሺ ? െ ሻ߭ߝ௬௬ ൅ ߭ሺߝ௫௫ ൅ ߝ௭௭ሻ൧ 















$OO SDUWV ZHUH VXEMHFWHG WR UHVLGXDO VWUHVV
PHDVXUHPHQWVE\;5'DQGQHXWURQGLIIUDFWLRQWHFKQLTXHV7KH
UHVXOWV RI ;5' DQG QHXWURQ GLIIUDFWLRQ UHVLGXDO VWUHVV
PHDVXUHPHQWVDUHSUHVHQWHG LQ)LJXUH)LJXUH)LJXUHDQG
)LJXUH  UHVSHFWLYHO\ IRU 6DPSOH  6DPSOH  DQG 6DPSOH 





PDJQLWXGHRIVWUHVVHV LQHDFKGLUHFWLRQZDV LQFUHDVHG IURP
03D WR  03D E\ PRYLQJ IURP WKH PLGGOH RI WKH SUHIRUP
WRZDUGVWKHRXWHUVXUIDFHIRUPP7KH;5'UHVXOWVVKRZKLJK
OHYHOV RI WHQVLOH UHVLGXDO VWUHVV LQERWK WKH KRRSDQG WKH D[LDO
GLUHFWLRQVRQWKHVXUIDFHRISUHIRUP 
$IWHU  UHGXFWLRQ WKH UHVLGXDO VWUHVVHV ZHUH
LQFUHDVHG WKURXJKRXW WKH WKLFNQHVV RI 6DPSOH  DV VKRZQ LQ
)LJXUH7KHEXONUHVLGXDOVWUHVVHVFKDQJHVIURPFRPSUHVVLYH
WRWHQVLOHWKURXJKWKHWKLFNQHVVE\PRYLQJIURPWKHRXWHUVXUIDFH





6DPSOHZLWKUHGXFWLRQ LV WKHRQO\ VDPSOH WKDW
ZDV VXEMHFWHG WR WKH (63, EDVHG KROHGULOOLQJ UHVLGXDO VWUHVV
PHDVXUHPHQW LQ DGGLWLRQ WR ;5' DQG QHXWURQ GLIIUDFWLRQ
WHFKQLTXHV7KHUHVXOWRIDOO WKUHHPHDVXUHPHQWWHFKQLTXHVDUH
VXPPDULVHG LQ )LJXUH  ,Q FRQWUDU\ WR 6DPSOH  DOO WKH






EHORZ WKH RXWHU VXUIDFH KRZHYHU WKH D[LDO VWUHVV IOXFWXDWHV
VKDUSO\ZLWKLQWKLV]RQHIURPWHQVLOH03DWRFRPSUHVVLYH
03D DQG WR WHQVLOH DJDLQ 03D$WPPEHORZ WKH
VXUIDFH WKH PHDVXUHG D[LDO VWUHVVHV E\ QHXWURQ GLIIUDFWLRQ LV
FORVH WR WKH UHVXOW RI (63, +RZHYHU IRU KRRS FRPSRQHQW D
VLJQLILFDQW GLIIHUHQFH RI §03D LV REVHUYHG EHWZHHQ WKH
UHVXOWVRIERWKWHFKQLTXHVDWDURXQGWKHVDPHSRLQW7KLVFDQEH









7R LQYHVWLJDWH WKH HYROXWLRQ RI UHVLGXDO VWUHVV GXULQJ
IORZ IRUPLQJ SURFHVV WKH PHDVXUHG VWUHVV FRPSRQHQWV RQ WKH
VXUIDFH DQG WKURXJK WKH WKLFNQHVV RI DOO WKUHH VDPSOHV DUH
FRPSDUHG DV VKRZQ LQ )LJXUH $OO WKH WKUHH FRPSRQHQWV RI
VWUHVVHV LQ WKH PLGGOH RI WKH WKLFNQHVV VKRZ DQ LQFUHDVH IURP




§03D +RZHYHU WKH PHDVXUHG VWUHVVHV RQ WKH VXUIDFH
UHGXFHGDIWHUWKHILUVWUHGXFWLRQLQWKHWKLFNQHVVDQGWKHQ
LQFUHDVHGDIWHUUHGXFWLRQ7KHPHDVXUHGKRRSVWUHVVHVIRU






DQG SHUSHQGLFXODU WR WKH OHQJWKV LH KRRS GLUHFWLRQ RI DOO




;5' VXUIDFH VWUHVV UHVXOWV VKRZ XQLIRUP GLVWULEXWLRQ RI ERWK
D[LDODQGKRRSVWUHVVRQSUHIRUP)LJXUHDDQGWKHGHIRUPHG
VDPSOHV)LJXUHEF$VVKRZQVFKHPDWLFDOO\LQ)LJXUHWKH








EDVHGKROHGULOOLQJ DQGQHXWURQGLIIUDFWLRQ ZHUH FRQGXFWHG RQ
IORZIRUPHGVDPSOHVDQGWKHIROORZLQJPDMRUREVHUYDWLRQVDUH
FRQFOXGHG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Table 1: Nominal chemical composition of 15-5PH martensitic stainless steel (wt. %) 
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Figure 1: Schematic illustration of forward flow forming process [18] 
 













 Figure 3: Experimental set-up and the arrangement of ESPI based hole-drilling device for measuring residual stress 
 
a)  b) c
 
Figure 4: Schematic illustration of the location of points measured by neutron diffraction. a) Preform, b) Sample 2 (20% reduction), c) 




Figure 5: Measured surface and through thickness residual stresses by XRD and neutron diffraction respectively, on the preform. 
 
 )LJXUH Measured surface and through thickness residual stresses by XRD and neutron diffraction respectively,RQWKHIRUPHG
VDPSOHZLWKPPZDOOWKLFNQHVV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Axial Distance from the flange to the top of the sample (mm)
ND- Hoop
XRD- Hoop
ND- Axial
XRD- Axial
ND- Radial
